RAG endonuclease initiates V(D)J recombination in progenitor (pro)-B cells 1 .
These cells can be viably arrested in the G1 cell-cycle stage by treatment with Abl kinase inhibitor (STI-571), activating RAG1/2 endonuclease and V(D)J recombination 24, 25 . We targeted the last codon of both mouse Rad21 alleles to introduce in-frame sequences that encode mAID and a green fluorescent protein (GFP) marker in a RAG2-deficient v-Abl pro-B line (Extended Data Fig. 1a,c) . We then targeted a transgene into the Rosa26 locus that over-expresses the OsTir1-V5 protein that binds mAID in the presence of auxin (Indole-3acetic acid, IAA) to trigger proteasome-dependent degradation of the mAID-fused Rad21 protein (Extended Data Fig. 1a-d) . The resulting RAG2-deficient line is referred to as the "Rad21-degron v-Abl pro-B line".
To test effects of cohesin depletion on Igh loop domain formation, we split Rad21degron v-Abl cells into two sub-populations, one non-treated ("NT") and the other treated with IAA for 6 hours and then with STI-571 for 4 days to induce G1 arrest (Extended Data Fig. 1b,f) . Treatment of Rad21-degron v-Abl cells with IAA led to depletion of mAID-GFPtagged Rad21 to background levels by 6 hours, and ChIP-seq confirmed nearly complete depletion of chromatin-bound Rad21 at known cohesin-occupancy sites across Igh 11, 15, 17, 38, 39 ( Fig. 1a,b , Extended Data Fig. 2a ). While there was cell loss in the initial day while cells were cycling, cohesin-depleted Rad21-degron v-Abl pro-B cells underwent normal STI-571induced G1 arrest (Extended Data Fig. 1e,g) , and showed no decrease in viability throughout the 4-day experimental period (Extended Data Fig. 1e ). We applied the sensitive chromatin interaction 3C-HTGTS assay 15 to G1-arrested cells at day 4, and found that cohesin loss essentially abrogated Igh chromatin loop domains mediated by the proximal VH81X-CBE 15 or by Igh intronic enhancer (iEµ)/RC 11, 15 , with the exception of interaction of RC/iEµ with the closely associated, diffusion-accessible locale that harbors the infrequently rearranged (due to its poor RSS) DST4.1/DH3-2 11 (Figure1c, Extended Data Fig. 2b,c) .
Similar to mutational inactivation of the VH81X-CBE 15 To test effects on Igh V(D)J recombination, we introduced RAG2 into Rad21-degron v-Abl pro-B cells, with or without IAA treatment to induce mAID-GFP-tagged Rad21 depletion, and treated both with STI-571 to induce G1 arrest and activation of V(D)J recombination (Extended Data Fig.1f ). After four days, we applied HTGTS-V(D)J-seq 11, 40, 41 to NT and treated cells using a JH4 primer as bait 15 to analyze both D-to-JH and VH-to-DJH junctions ( Fig. 1a,d ). Similar to V(D)J joining patterns in other v-Abl lines, the NT Rad21-degron v-Abl pro-B cells displayed robust D-to-JH rearrangements, with the JH-distal DFL16.1 having highest rearrangement frequency and JH-proximal DQ52 an intermediate frequency 11 (Fig. 1d , right panel, Supplementary Table 1 ). We also observed low-level rearrangement of the most proximal VHs and little or no rearrangement of distal VHs 11, 14, 15 ( Fig.1d , left panel, Supplementary Table 1 ). Strikingly, Rad21 depletion abolished all VH rearrangements and largely eliminated all D rearrangements, except that of the JH-proximal DQ52, which retained substantial rearrangement levels ( Fig. 1d, Supplementary Table 1 ). In additional studies, we found Rad21 degradation abrogated robust proximal VH utilization on IGCR1-deleted alleles along with nearly complete abrogation of all D rearrangements except, again, that of proximal DQ52, which occurred at nearly 70% of control levels ( Fig.   1e , Supplementary Table 1 ). Consistent with impeded loop extrusion, Rad21 degradation also abrogated the greatly robust Igh RC interaction with proximal VHs in the absence of IGCR1, but had little effect on RC interactions with the diffusion-accessible DH3-2 locale (Extended Data Fig. 2d ).
The substantial level of residual DQ52 rearrangement in the various RAG-sufficient, Rad21-depleted v-Abl pro-B lines provides an internal control for maintenance of RAG activity and integrity of a JH-based RC following cohesin depletion, as DQ52 is known to substantially access RC-bound RAG via diffusion due to its RC-based location 11 . To further confirm integrity of the Igh RC, we performed GRO-seq on G1-arrested Rad21-degron cells, which confirmed robust sense and anti-sense transcription through the RC before and after cohesin degradation (Extended Data Fig. 3a ). Furthermore, while Rad21-depletion led to expected subtle genome-wide transcriptional changes 4 (Extended Data Fig. 3b ), we detected no substantial differences in transcription levels of several genes involved in V(D)J recombination per se or in chromosomal regulation of V(D)J recombination (Examples highlighted in Extended Data Fig. 3b ). Taken together, our findings strongly implicate cohesin-mediated loop extrusion in moving chromatin past RC-bound RAG for scanning during Igh V(D)J recombination.
How the 100-plus VHs embedded across the 2.4Mb VH domain gain access to the DJH RC has been a major question. In this regard, there are over 100 CBEs across this domain in convergent orientation with the upstream IGCR1 CBE and 10 CBEs ("3'CBEs") downstream of Igh 12, 13, 17, 21, 22, 42 . While most of these CBEs are not physically adjacent to VHs, several dozen D-proximal VHs have CBEs directly downstream that promote associated VH utilization through interactions with the DJH RC during RAG scanning 15, 16 . In addition to IGCR1 CBEs, these proximal VH CBEs are barriers to direct RAG scanning to more distal VHs 15 . Distal VH utilization might circumvent CBE linear scanning barriers through a physical locus contraction process that brings all VHs into proximity with the DJH RC for diffusional access [17] [18] [19] [20] [21] [22] [23] . On the other hand, extrusion-mediated RAG scanning could, in theory, also contribute to distal VH utilization if CBE impediments were neutralized or circumvented 15, 16 .
To test the latter hypothesis, we asked whether we could activate RAG scanning to distal VHs in G1-arrested v-Abl pro-B cells by down-regulating CTCF scanning barriers across the locus. For this purpose, we generated a CTCF degron line from the parental RAG2-deficient v-Abl line using a similar approach to that used for establishing the Rad21-degron line (Extended Data Fig. 4a -e). We then followed the same experimental protocol used to study the Rad21-degron line.
Treatment of CTCF-degron v-Abl cells with IAA rapidly led to depletion of mAID-GFPtagged CTCF to background levels by 6 hours, which were maintained throughout the course of the subsequent 4-day experiment (Extended data Figure 4b ). Treatment with STI-571 induced normal G1 arrest of both non-treated and treated CTCF-degron v-Abl cells (Extended Data Fig. 4f ). However, CTCF degradation moderately impacted viability of treated G1-arrested, CTCF-degron v-Abl cells, which decreased to approximately 55% of NT or parental control cells over the 4-day experimental course (Extended Data Fig. 4g ). We also found that the non-treated CTCF-degron v-Abl cells had a modestly leaky phenotype for CTCF degradation 7, 9 , which provided additional insights (Extended Data Fig. 5 and legend).
However, to simplify presentation of our findings, we focus here on description of the striking results obtained from comparison of the parental v-Abl cells and IAA-treated CTCF-degron v-Abl lines derived from them.
To characterize effects of CTCF degradation, we performed ChIP-seq for CTCF-and Rad21-binding across the Igh of G1-arrested parental and treated CTCF-degron v-Abl cells ( Fig. 2a ,b, Extended Data Fig. 6a ). In parental v-Abl cells, there was a high density of colocalized CTCF and Rad21 peaks throughout the VH locus, with more robust binding in the distal region 17, 38 . In treated CTCF-degron v-Abl cells, CTCF occupancy across Igh was greatly diminished; but residual binding 9, 17 was retained at certain CBEs in the distal region (e.g. VH1-67, VH1-11), as well as CBEs associated with proximal VH5-6, VH2-3, and CBE1 of IGCR1 ( Fig. 2b, Extended Data Fig. 6a ). Notably, CTCF binding increased at the RC upon CTCF depletion ( Fig. 2b, Extended Data Fig. 6a ). While increases in apparent CTCF-binding to the non-CBE-containing RC upon CTCF depletion could be considered surprising, it may likely occur indirectly due to cohesin-mediated loop extrusion-driven dynamic associations of the RC sub-loop anchor with residual-CTCF-bound CBEs across Igh. The, apparently, uneven depletion of CTCF at various CBEs may reflect differential intrinsic CTCF-binding affinity, local chromatin context and/or other factors [43] [44] [45] . Upon CTCF depletion, Rad21 occupancy throughout Igh was also greatly diminished, with residual binding sites and levels largely reflecting those of CTCF ( Fig. 2b, Extended Data Fig. 6a ). Residual CTCF binding upon CTCF depletion likely reflects average states of depletion of different cells in the population of G1-arrested CTCF-degron v-Abl cells, with the latter also being influenced by loss of particular cells in which CTCF depletion reaches a critical level for viability. Therefore, occurrence of continuous sub-populations of G1-arrested, CTCF-degron v-Abl cells in which residual CTCF maintains viability implies that such cells may also maintain RAG-scanning in the face of variable CTCF depletion across Igh. If so, this would further predict increased RC scanning anchor interactions with the distal VH locus and increased utilization of distal VHs. Table 2 ). Remarkably, the patterns of VH rearrangements in CTCF-degraded v-Abl cells were reminiscent of those in "locuscontracted" bone marrow (BM) pro-B cells in terms of similar highly rearranging VH clusters and comparable levels of some distal VH rearrangements ( Fig. 3c,d , Supplementary Table   2 ). Moreover, compared to parental v-Abl cells, the VHDJH to DJH ratio in CTCF-degraded v-Abl cells reached that of BM pro-B cells, confirming that CTCF deletion greatly increased the overall rate of VH to DJH joining by permitting relatively unimpeded far upstream scanning for diverse VH rearrangements to DJH RCs ( Fig. 3 ). Utilization of the most proximal functional VHs (VH81X and VH2-2) decreased relative to that of IGCR1-inactivated normal G1-arrested v-Abl cells or even that of normal pro-B cells. This latter finding may reflect CTCF-depletion dampening at VH81X-and VH2-2-associated CBEs, as well as at IGCR1 CBEs ( Fig. 2b , Extended Data Fig. 6a ). Taken together, these results confirm the hypothesis that accessibility of distal VHs to RC-based RAG is greatly enhanced by broad diminution of CTCF-based scanning impediments across Igh.
GRO
3C-HTGTS from an RC/iEµ bait on G1-arrested parental v-Abl cells confirmed lack of interaction with the more distal VHs (Fig. 4a , b, top panel). Remarkably, in treated CTCFdegron v-Abl cells, the RC/iEµ gained robust interactions with sequences across the entire VH locus, including the most distal VHs, with patterns reminiscent of those in normal locuscontracted BM pro-B cells (Fig. 4b , middle and bottom panels). We confirmed these chromatin interaction analyses with other RC-based baits (Extended Data Fig. 7a-c) .
Notably, many VHs near prominent RC/iEµ-interacting peaks corresponded to those with greatly enhanced utilization ( Fig. 3c,4b ). In addition, we observed that, compared to parental v-Abl cells, the RC retained interactions with IGCR1, had diminished interactions with VH81X-and VH2-2-associated CBEs, and had increased interactions with proximal VH2-3 and VH5-6 in CTCF-degraded v-Abl cells ( Fig. 4b , Extended Data Fig. 7b ,c, top two panels).
These chromatin interaction changes corresponded well to proximal VH utilization changes b, With normal CBE-impediment activity (red arrowheads), RAG scanning is strongly impeded by CBE-based IGCR1 and non-CBE-based DJHRC impediments 11, 15 , allowing scanning-based D-to-JH rearrangement to proceed VH-to-DJH rearrangement 11 . Low-level scanning beyond IGCR1 allows proximal VH-to-DJH rearrangement in a minor subset of pro-B cells. Proximal VH-CBEs impedes further upstream scanning 15, 16 . c, d, Down-modulation of CTCF reduces CTCF-occupancy of CBEs (grey arrowheads) across Igh, but residual binding is retained at certain CBEs (pink arrowheads). Down-modulation of CTCF/CBE activity allows RC-bound RAG to scan various linear distances across the Igh in some cases the full-length. Upon reaching remaining scanning impediments, which could reflect transcription (dark arrows) 11, 37, 46 , transcription-factor (TF)-binding sites 15, [21] [22] [23] 38, 39 (orange diamonds), and/or CBEs with residual CTCF binding, impeded scanning focuses RC-based RAG activity on sequences in the impeded region 11 for VH-to-DJH joining 1 (e). Down-modulation of CTCF binding activity is one manner for extending extrusion but this could also be achieved by circumventing CBE impediments, for example, through modulation of cohesin activity (See Text).
METHODS

Experimental procedures
No statistical methods were used to predetermine sample size. Experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment.
Mice
Wild-type (WT) 129SV mice were purchased from Charles River Laboratories International. RAG2-deficient mice in 129SV background were generated 51 and maintained in the Alt laboratory. The RAG2 -/-; Eµ-Bcl2 + mice were generated by crossing RAG2-deficient mice with Eµ-Bcl2 transgenic mice 52 that had been backcrossed to the 129SV background.
All animal experiments were performed under protocols approved by the Institutional Animal Care and Use Committee of Boston Children's Hospital.
Bone marrow pro-B cell purification
Bone marrow (BM)-derived pro-B cells (B220 + CD43 + IgM -) were purified via FACS sorting as previously described 15,40 from 4-week-old WT 129SV mice. B220-positive BM pro-B cells were purified via anti-B220 biotin/streptavidin beads (Miltenyi, #130-049-501) from 4week-old RAG2-deficient mice and were cultured in opti-MEM medium containing 10% (v/v) FBS plus IL-7/SCF for 4 days as previously described 14 .
Cell lines
The parental v-Abl-kinase-transformed pro-B lines were derived by retroviral infection of BM pro-B cells derived from RAG2 -/-; Eµ-Bcl2 + mice with the pMSCV-v-Abl retrovirus, as described previously 25 . Infected cells were cultured in RPMI medium containing 15% (v/v) FBS for three months to obtain stably transformed v-Abl lines. The RAG2 -/-; Eµ-Bcl2 + v-Abl pro-B lines were further targeted by Cas9/sgRNA approach 53 
Generation of Rad21-degron and CTCF-degron v-Abl pro-B lines and their derivatives
The targeting constructs used for introducing the in-frame mAID sequences into mouse endogenous CTCF locus (pEN84, Addgene #86230) and for introducing the OsTir1-V5 expression cassette into endogenous Rosa26 locus (pEN114, Addgene #92143) were described in a previously published study 9 . Using a similar strategy 9 , we generated the targeting construct for introducing the in-frame mAID sequences into mouse endogenous The mAID-Clover cassette was PCR amplified from the plasmid pMK290 (Addgene, #72828). These fragments together with a puro selection cassette amplified from pEN84 were assembled in an order diagramed in Extended Data Fig. 1c using Gibson assembly kit (NEB, #E2611S). To promote the targeting efficiency, Cas9/sgRNAs were cloned by annealing pairs of oligos into pX330 (Addgene, #42230) following the protocol previously described 53 . The parental RAG2 -/-; Eµ-Bcl2 + v-Abl pro-B cells were nucleofected with Rad21or CTCF-targeting donors and their corresponding Cas9/sgRNAs via Lonza 4D Nucleofector as shown before 14, 15 , selected with 1 µg/ml Puromycin (Gibco, #A1113802) for 4 days, and subcloned by dilution. Candidate clones with desired gene modifications were screened by PCR and confirmed by Southern blot as outlined in Extended Data Fig. 1c and 4c . The confirmed clones were further processed to remove the puromycin selection cassette as previously described 9 . Similarly, the resultant clones were further targeted to introduce into both Rosa26 alleles the OsTir1-V5 expression cassette followed by removal of the puromycin selection cassette as outlined in Extended Data Fig. 1d .
The resulting lines were referred to as the Rad21-degron or CTCF-degron v-Abl pro-B line and used in this study. To delete IGCR1, the Rad21-degron v-Abl pro-B line was targeted with Cas9/sgRNAs as previously described 14, 15 . To determine which Igh allele harbors IGCR1 deletion in the IGCR1 +/-Rad21-degron v-Abl clones, we developed and applied an efficient allele-specific assay based on the examination of Cas9/sgRNA-induced translocations via LAM-HTGTS 14, 54 . Briefly, we introduced the bait and prey Cas9/sgRNAs that, respectively, target the site located between JH4-RSS-heptamer and Igh-allele-specific barcodes and IGCR1 locale into the IGCR1 +/-Rad21-degron v-Abl clones, extracted the gDNA from the cells 3 days post the nucleofection, and performed LAM-HTGTS using JH4-CE bait primer. The bait-prey site translocation junctions derived from each of the two Igh alleles were separated through the barcodes, and the combined junction numbers from both strands that fall into bait and prey regions on each allele were plotted under a 1.5 Mb bin size. The relative numbers of prey junctions within IGCR1 locale indicate the presence or absence of IGCR1 on each allele, which can be further confirmed by HTGTS-V(D)J-seq analyses, as the rearrangements of proximal VHS are enhanced by IGCR1 deletion 14, 54 .
Sequences of all sgRNAs and oligos used are listed in Supplementary Table 3 .
Treatment of Rad21-degron and CTCF-degron v-Abl pro-B lines with IAA
To deplete mAID-tagged Rad21 or CTCF protein in Rad21-degron or CTCF-degron v-Abl pro-B cells, the auxin analog, Indole-3-acetic acid (IAA, Sigma-Aldrich, #I3750-25G-A), was added in the medium at 500 µM from a 1000X stock that were prepared by dissolving IAA with DMSO. DMSO solvent was applied as the mock to non-treated (NT) cells. After 6 hours, the depletion efficiency of mAID-tagged proteins in IAA-treated cells compared to non-treated cells was examined by FACS. Both non-treated and IAA-treated cells were then treated by 3 µM STI-571 without or with IAA for 4 days to induce G1 arrest as previously described 11, 14, 54 . The cells were then collected and examined by FACS for protein depletion confirmation prior to various assays as described below.
Cell viability assay
For time-course cell viability assay, Rad21-degron and CTCF-degron v-Abl pro-B cells were non-treated or treated with IAA for 6 hours and then subject to STI-571 treatment (set as 0 h). The viability of NT and +IAA cells at the following 4 days was determined by the percentage of viable lymphocyte population gated by FACS side (SSC) and forward (FSC) scatters out of the total cells. Average percentage ± s.d. of viable cells for each timepoint and for each condition was calculated from >3 biologically independent experiments and was normalized to the number of NT cells at 0 hours, which was set to 100%.
G1 cell cycle stage analysis
For cell cycle analysis, the fluorescent, ubiquitination-based cell cycle indicator (Fucci) 55 cassette (pEN435, Addgene #92139) was stably introduced into the Rad21-degron and CTCF-degron v-Abl pro-B lines following the strategy as described previously 9 . The parental v-Abl cells without Fucci cassette, Rad21-degron and CTCF-degron v-Abl pro-B cells with Fucci cassette were non-treated or treated with IAA for 6 hours followed by STI-571 treatment (set as 0 h). The distribution of cells at G1 cell cycle stage (mCherry-hCdt1 + ;
TagBFP-hGemininpopulation) at the following 4 days was determined by FACS using the parental v-Abl cells without Fucci cassette as the gating control. Average percentage ± s.d. of cells arrested in G1 stage for each timepoint and for each condition was calculated from >3 biologically independent experiments. The data collected at day 4 post STI-571 treatment are shown in Extended Data Fig. 1g, 4f .
HTGTS-V(D)J-seq
For Igh V(D)J recombination analyses, we purified BM pro-B cells from WT 129SV mice as described above and introduced RAG2 into RAG2-deficient Rad21-degron and CTCF-degron v-Abl pro-B cells as well as their derivatives via the approach described previously 11 . HTGTS-V(D)J-seq libraries were prepared as previously described 11, 15, 40, 41 .
Briefly, 2 µg of gDNA from sorted mouse BM pro-B cells or 30 µg of gDNA from G1-arrested RAG2-complemented parental v-Abl cells, Rad21-degron and CTCF-degron v-Abl cells without or with IAA treatment was sonicated and subjected to LAM-PCR using biotinylated JH4-CE bait primer 15 . Single-stranded LAM-PCR products were purified using Dynabeads MyONE C1 streptavidin beads (Life Technologies, #65002) and ligated to bridge adaptors.
Adaptor-ligated products were amplified by nested PCR with indexed JH4 primers and the primer annealed to the adaptor. The PCR products were further tagged with Illumina sequencing adaptor sequences, size-selected via gel extraction and loaded onto an Illumina MiSeq machine for paired-end 250-bp or 300-bp sequencing. Primer sequences are listed in Supplementary Table 3 .
HTGTS-V(D)J-seq data processing and analyses
HTGTS-V(D)J-seq libraries were processed via the pipeline described previously 41 .
Igh allele-specific sequencing reads were separated via barcodes and aligned to AJ851868/mm9 hybrid genome that was generated by combining all of the annotated Igh sequences of 129SV background (AJ851868) and the distal VH sequences from the C57BL/6 background (mm9) starting from VH8-2 as previously described 15, 40, 56 . For statistical analyses, utilization data of VH and D segments in G1-arrested CTCF-degron v-Abl pro-B cells was the sum up of the numbers obtained from both Igh alleles, each of which was normalized to 10,000 total recovered junctions as previously described 15 and showed very similar utilization patterns. For comparisons, utilization data of VH and D segments in BM pro-B cells was normalized to 20,000 total recovered junctions. We also extracted and reanalyzed the V(D)J recombination data obtained from 129SV BM pro-B cells in our prior publication 40 and compared them with the newly generated data following the same normalization approach, which showed essentially same relative VH and D utilization patterns. As the number of junctions used for normalization of Rad21 depletion experiments was greatly decreased comparing non-treated experiments due to the abrogation of nearly all V(D)J rearrangements by cohesin loss, we normalized the utilization data for Rad21 depletion experiments to the total aligned reads which include all bait primer-containing sequencing reads including V(D)J junctions for statistical analyses following the previously described strategy 14, 15 . In this regard, utilization data from G1-arrested Rad21-degron v-Abl pro-B cells with or without IAA treatment was the sum up of the numbers obtained from both Igh alleles, each of which was normalized to 110,000 total aligned reads. Utilization data from WT or IGCR1-deleted allele in G1-arrested IGCR1 +/-Rad21-degron v-Abl cells without or with IAA treatment was normalized to 110,000 total aligned reads. For each HTGTS-V(D)J-seq data plotted in figures and shown in Supplementary Table 1 and 2 , average utilization frequencies ± s.d. were presented.
3C-HTGTS and data analyses
3C-HTGTS on short-term cultured RAG2-deficient BM pro-B cells, G1-arrested parental v-Abl cells, Rad21-degron and CTCF-degron v-Abl cells without or with IAA treatment, was performed as previously described 15 . Briefly, 10 million cells were crosslinked with 2% formaldehyde (Sigma-Aldrich, #F8775) for 10 min at room temperature and quenched with glycine at a final concentration of 125 mM. Cells were lysed on ice for 10 min followed by centrifugation to get nuclei. Nuclei were resuspended in NEB Cutsmart buffer for NlaIII (NEB, #R0125) digestion at 37 °C overnight, followed by T4 DNA ligase (Promega, #M1801) mediated ligation under dilute conditions at 16 °C overnight. Ligated products were treated with Proteinase K (Roche, #03115852001) and RNase A (Invitrogen, #8003089) followed by DNA purification to get the 3C templates. 3C-HTGTS library preparation follows the standard LAM-HTGTS library preparation procedures as previously described 15 . 3C-HTGTS libraries were sequenced via Illumina NextSeq550 using paired-end 150-bp sequencing kit or Miseq using paired-end 300-bp sequencing kit. Sequencing reads were processed as previously described 15 and were aligned to AJ851868/mm9 hybrid genome as described above. Data were plotted for comparison after normalizing junction from each 3C-HTGTS library by random selection to the total number of chr12-wide junctions recovered from the smallest library in the set of comparing libraries. For G1-arrested Rad21-degron v-Abl pro-B cells with and without IAA treatment, 3C-HTGTS libraries using VH81X-CBE ( Fig.1c, Extended Data Fig.2b ) and iEµ (Fig.1c, Extended Data Fig.2c ) as bait were normalized to 9,844 and 74,339 total junctions from chromosome 12, respectively. For G1arrested IGCR1 -/-Rad21-degron v-Abl pro-B cells with and without IAA treatment, 3C-HTGTS libraries using iEµ as bait (Extended Data Fig.2d ) were normalized to 74,339 total junctions from chromosome 12. For G1-arrested parental, non-treated and IAA-treated CTCF-degron v-Abl pro-B cells and RAG2-deficient BM pro-B cells, 3C-HTGTS libraries using RC/iEµ, RC/DQ52-JH1, and RC/JH4 as bait were normalized to 333,127 total junctions from chromosome 12 (Fig. 4b, Extended Data Fig.5c, 7b, c) . Chromosomal interaction patterns were very comparable before and after normalization. The sequences of primers used for generating 3C-HTGTS libraries are listed in Supplementary Table 3 .
ChIP-seq
ChIP-seq was performed as previously described 11 
ChIP-seq analysis
We used bowtie2 to align reads to reference genome, used MACS2 to obtain the IP peak signal tracks after normalized to 1 million IP reads. Results were displayed in IGV.
Rad21 ChIP-seq on Rad21-degron v-Abl pro-B cells with and without IAA treatment (Fig.1b , Extended Data Fig.2a ) were performed with human HTC116 chromatin as spike-in 57 . For Rad21 ChIP-seq on parental and IAA-treated CTCF-degron v-Abl pro-B cells, one repeat was performed without human HCT116 chromatin as spike-in (Fig.2b, bottom panels) , and two repeats were performed with human HCT116 chromatin as spike-in (Extended Data   Fig.6a, bottom panels) . Three repeats show very reproducible results. For CTCF ChIP-seq on parental and IAA-treated CTCF-degron v-Abl pro-B cells, all three repeats (Fig.2b , Extended Data Fig.6a , top panels) were performed without human HCT116 chromatin as spike-in. For ChIP-seq without human spike-in chromatin, reads were aligned to mouse AJ851868/mm9 hybrid genome and libraries were normalized to 1 million reads for display.
For ChIP-seq with human spike-in chromatin, reads were aligned to the mixture genome of mouse (AJ851868/mm9) and human (hg19), and the mouse IP signal track was normalized to 1 million human IP reads, after adjusting the input spike-in chromatin ratio to be 1:1. To estimate and adjust for the actual spike-in chromatin ratio, we counted the number of reads aligned to human or mouse genome in the IP-corresponding input library, and calculated their ratio. We finally scaled the mouse IP signal track by multiplying its normalization factor = (1 million)/(human IP read number)/((mouse input read number)/(human input read number)) for display. For the samples that were processed with or without spike-in controls, we compared the results obtained from both ways and found little differences between them.
GRO-seq and data analyses
GRO-seq libraries were prepared as described previously 11, 37 on G1-arrested 
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